DnaK is known to be highly conserved in all species and is a major immunogen in Streptococcus pneumoniae. To elucidate the role of dnaK in S. pneumoniae, dnaK was cloned in Escherichia coli using a homologous dnaK probe generated by PCR. The His-tagged DnaK was overexpressed in soluble form and purified from E. coli. Alignment of the deduced DnaK amino acid sequence from nucleotide sequences of the cloned dnaK revealed high homology with DnaK analogs in E. coli (53%) and Staphylococcus aureus (73%). However, anti-pneumococcal DnaK antiserum did not crossreact with DnaK analogs in E. coli, S. aureus and human cells suggesting that pneumococcal DnaK might be a good candidate as a vaccine. z 1998 Federation of European Microbiological Societies. Published by Elsevier Science B.V.
Introduction
Virtually all biological systems exhibit a heat shock response when exposed to high temperatures. The heat shock response is characterized by the de novo production of a small number of proteins (heat shock proteins: hsps) upon heat and other environmental stresses. The hsp is known to be highly conserved at the amino acid level and to function as a chaperone. As part of the major heat shock proteins, DnaK promotes proper folding and translocation of proteins [1, 2] and is a candidate for major antigens in several pathogens [3] .
In Streptococcus pneumoniae (pneumococcus), the elucidation of hsp's role in the pathogenesis seems to be very crucial in understanding pathogenesis and host response. S. pneumoniae is present in the nasopharynx as a part of the normal £ora; and it experiences changes in temperature, pH, and ethanol concentration.
Invading pneumococci encounter additional environmental stresses. Macrophages and other phagocytic cells detect and engulf pneumococci soon after infection [4] , exposing them to an extremely hostile environment. This hostile environment may act as strong stress to S. pneumoniae and may in£uence gene expression of heat shock pro-teins. The highly conserved and immunodominant antigenic nature of DnaK protein may play some role in defense against pneumococcus infection and pathogenesis. But the role of DnaK in pathogenesis remains unknown.
The general properties of the heat shock response of S. pneumoniae to heat and ethanol stress have been characterized. Heat shock induced the synthesis of about three hsps (67, 73, and 84 kDa) ( [5, 6 ], Choi, I.H., Shim, J.H., Kim, S.W., Kim, S.N., Pyo, S.N., and Rhee, D.K., unpublished data) and ethanol shock induced a protein with a molecular mass of about 104 kDa [5] . Puri¢cation and N-terminal amino acid sequence determination of 67-and 73-kDa proteins and Western immunoblot analysis suggested that the 67-and 73-kDa proteins were GroEL and DnaK homolog respectively (Choi, I.H., Shim, J.H., Kim, S.W., Kim, S.N., Pyo, S.N., and Rhee, D.K., unpublished data). Although the pneumococcal hsp70 family, DnaK, is a major immunogen [6] , there is no information on the regulation of heat shock response or on the function of the hsps in S. pneumoniae. As a ¢rst step, to assess the role of heat shock response in pneumococcus, one of the most prominent heat shock protein genes, dnaK, was cloned; recombinant dnaK was overexpressed in Escherichia coli; and immunological analysis of DnaK was performed by Western immunoblot analysis.
Materials and methods

Bacterial strains, human cell line, plasmids, and growth conditions
The bacterial strains, human cell line and plasmids used in this work are listed in Table 1 . S. pneumoniae CP1200 (R type) strain was grown as previously described [8] . The other S. pneumoniae strains and S. pyogenes were grown in brain heart infusion broth. For E. coli and Bacillus subtilis growth, LB broth was used. For selection of E. coli transformants, ampicillin was added to growth medium to a concentration of 100 Wg ml 3I . Lactococcus lactis and Staphylococcus aureus were grown in Elliker broth and Nutrient broth, respectively. The human HeLa cell line was grown in RPMI medium containing 10% fetal bovine serum at 37³C.
DNA isolation and manipulation
Chromosomal DNA of S. pneumoniae was isolated as previously described [7] . Plasmid isolation, DNA endonuclease restriction analysis, ligation, and transformation were done by standard procedures [8] .
Sequencing
DNA was sequenced by the dideoxy-chain termination method by using [
QS S]dATP and Sequenase T7 sequencing kit (United States Biologicals). Sequencing was started with commercially available M13/pUC universal sequencing forward and reverse primers using nested deletion sets in one orientation (Promega). Synthetic oligonucleotides from the already sequenced templates were synthesized and used as primers for sequencing in the opposite orientation. DNASIS from Hitachi Software Engineering Co. and PC/GENE from Intelligenetics were used for sequence analysis.
Polymerase chain reaction
S. pneumoniae DNA fragment between the forward and reverse primers, derived from two conserved regions of the hsp70 proteins, QATKDAG and NPDEAVA [9] , was ampli¢ed by PCR. PCR was performed in a 100-Wl volume containing 1 Wg of genomic DNA, 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 0.1% Triton X-100, 1.5 mM MgCl P , 180 WM of each dNTP, 100 pmol of each primer and 5 U of Taq polymerase. Ampli¢cation was carried out for 30 cycles (denaturation at 93³C for 1 min, annealing at 60³C for 1 min, and polymerization at 72³C for 2 min).
Antiserum preparation
Antiserum against SDS-PAGE-puri¢ed DnaK was generated as follows. The exponential culture of S. pneumoniae CP1200 was incubated at 42³C for 30 min, and the total lysate proteins were separated by electrophoresis on an 7.5% SDS-PAGE gel and lightly stained with Coomassie brilliant blue. The 73-kDa (DnaK) band was cut out and electroeluted. The eluted protein was transferred to polyvinylidene di£uoride (PVDF) membrane and its N-terminal se-quence was determined by an automated gas-phase sequencer. 100 Wg of 73-kDa protein in 1 ml of phosphate bu¡ered saline was mixed with 1 ml of Freund's incomplete adjuvant. This mixture was then injected intramuscularly and subcutaneously into rabbits. Two booster shots were given every 2 weeks, and antiserum was collected after 6 weeks.
Construction and overproduction of His-tagged
DnaK from E. coli
The 2.7-kb A£III-HindIII dnaK gene from pSKK31 was subcloned into pET32(a) (Novagen), which had been digested with NcoI and HindIII, to generate plasmid pEDK04. The resultant recombinant added the thioredoxin gene (trxA) and His tag to the DnaK protein at the N-terminus. For expression studies, E. coli BL21 (DE3) transformed with pEDK04 was grown at 37³C to an optical density at 600 nm of 0.6, and then expression of the recombinant protein was induced by addition of IPTG at a ¢nal concentration of 100 mM.
For protein puri¢cation, cells induced with IPTG for 2 h at 37³C were harvested by centrifugation, resuspended in binding bu¡er, and lysed by sonication. The lysate was centrifuged at 39 000Ug for 20 min, and the supernatant was ¢ltered through a 0.4-Wm ¢lter. The clear ¢ltrate was applied to a¤nity column chromatography using His-Bind metal chelation resin following the instructions of the manufacturer (Novagen). After unbound proteins were washed away, the target protein was recovered by elution with 4 M imidazole. The eluate from HisBind resin containing the fusion protein was loaded onto an Ultrafree column (molecular mass cut o¡ 30 000; Millipore) and washed three times with water. The fusion protein encodes a protease cleavage site that allows removal of the oligohistidine domain by treatment with enterokinase.
Nucleotide sequence accession number
The nucleotide sequence reported in this article has been assigned GenBank accession number U84387.
Results and discussion
Cloning and sequencing of the dnaK gene from S. pneumoniae
To clone the dnaK gene, highly conserved amino acids of DnaK in eukaryotes and prokaryotes were used as a set of degenerate oligonucleotide primers for PCR [9] . The resulting 0.65-kb fragment, which is the expected size based on the positions of the primers in the dnaK sequences, was cloned in pGEM-T vector (Promega) to produce pSKK01 and sequenced. The nucleotide sequences of the cloned PCR fragments showed high homology with the known L. lactis dnaK [10] and B. subtilis dnaK [11] , indicating that it is a member of the dnaK family. This PCR product, whose DNA sequences were similar to the consensus sequences of the hsp70 gene, was used as a probe for cloning of dnaK.
To map and isolate the dnaK locus from S. pneumoniae, the chromosomal DNA was digested with several restriction enzymes and hybridized with the 0.65-kb cloned PCR fragment as a probe. A 3.4-kb HindIII fragment hybridized strongly and speci¢cally to the probe. To clone dnaK gene of S. pneumoniae, DNA fragments of 3^4 kb in size from a HindIII digestion of chromosomal DNA were isolated from a 0.7% agarose gel by Geneclean (Bio 101 Inc.) and cloned into the HindIII site of pBluescript SK 3 . The resulting constructs were used to transform E. coli; and a colony which harbored a recombinant plasmid (pSKK11), with a 3.4-kb HindIII insert which hybridized to the PCR ampli¢ed fragment probe, was identi¢ed by colony hybridization and isolated subsequently.
The physical map of the S. pneumoniae dnaK locus was determined by restriction enzyme analysis of the cloned fragment and Southern hybridization using part of the cloned fragment as a probe (Fig. 1) . The cloned dnaK locus seemed to encode three heat shock genes, and its genomic organization was supposed to be grpE-dnaK-dnaJ. The nucleotide sequence of the dnaK gene is 1818 nucleotides long, beginning with an ATG start codon and ending with a TAA stop codon. dnaK encodes a protein of 606 amino acids with a predicted molecular mass of 64 821 Da. This protein is homologous to DnaK of E. coli and other bacterial species. When the deduced N-terminal amino acid sequence of the DnaK protein was compared with the amino acid sequence of protein p73 which was puri¢ed by ATP-agarose column chromatography and determined by amino acid sequencer, the ¢rst 20 amino acid residues, SKII-GIDLGTTNSAVAVLEG, were in perfect agreement with those deduced from the nucleotide sequence. Therefore, p73 is a DnaK protein.
The deduced amino acid sequences were aligned with those of three other organisms including the Gram-positive B. subtilis [11] , L. lactis [12] and the Gram-negative E. coli [13] . A novel feature of the DnaK protein of S. pneumoniae which is also common to other Gram-positive bacteria examined so far is the presence of a large deletion of 24 contiguous amino acid residues near the N-terminus (Fig.  2) . Since this deletion is not present in DnaK of Gram-negative bacteria and eukaryotes, this ¢nding indicates that it might be a unique and distinguishing characteristic of the Gram-positive bacteria. The 24 amino acids (E. coli residues 78^102) corresponding to the deletion are located on the outside of lobe 1 in the three-dimensional crystal structure of the N-terminal 386 amino acids of bovine hsp70 (hsc70), which retains ATPase activity. This region of 24 amino acids seems to be an appendage, and its biological function is unknown. Comparison of the deduced amino acid sequence with those of other dnaK (hsp70) gene products again con¢rms its designation as a dnaK gene. The similarities in amino acids between the S. pneumoniae DnaK and the DnaK (hsp70) proteins of other organisms were 53% (E. coli), 61% (Mycoplasma pneumoniae), 64% (Chlamydia trachomatis), 66% (Clostridium perfringens), 69% (Mycobacterium tuberculosis), 73% (S. aureus), 75% (B. subtilis), 85% (L. lactis), 87% (S. pyogenes), and 92% (S. mutans). The homology declined substan- tially toward the carboxy-terminus. This divergence is a feature shown by all members of the hsp70 family.
Expression of the recombinant protein in E. coli
The dnaK gene was cloned into the expression vector pET32(a) to generate a fusion protein containing an amino-terminal His tag. Induced cells of E. coli BL21 (pEDK04) produced a 90-kDa protein which was absent from uninduced cells (Fig. 3, lane  2) . Also the 90-kDa protein from the uninduced cells was not detected by Western immunoblot analysis using anti-pneumococcal DnaK antibody (data not shown). The 90-kDa protein corresponded to the predicted size of a translational fusion between thio- redoxin-His tag (27 kDa) and DnaK (73 kDa). The presence of a single His tail was su¤cient to obtain preparation of His-tagged DnaK through the onestep puri¢cation on the His-Bind metal resin. Moreover, puri¢ed His-tagged DnaK had ATPase activity (data not shown). The 90-kDa band was also present in the soluble fraction from induced cells. After cleavage of the 90-kDa protein with enterokinase (Fig. 4, lane 5) , a 73-kDa protein was generated, which was the predicted size of DnaK. However, cleavage of the translational fusion with enterokinase was not always complete.
Crossreactivity of anti-pneumococcal p73
antibody with DnaK analogs from other organisms
To determine whether pneumococcal DnaK has any homology with DnaK analogs of other organisms, Western immunoblot analysis using the antipneumococcal DnaK antiserum was performed with cell lysates from other organisms. Western immunoblot analysis revealed that the anti-pneumococcal DnaK antiserum crossreacted with the DnaK of several Gram-positive organisms (i.e., B. subtilis, S. pyogenes and L. Lactis), but did not crossreact with DnaK analogs in E. coli, S. aureus and human cells (Fig. 4) . Also monoclonal antibody to human hsp70 did not crossreact with pneumococcal cell lysate (data not shown). The anti-pneumococcal DnaK antiserum crossreacted with the DnaK analogs in both types of S. pneumoniae tested, i.e., nonpathogenic R type and pathogenic S type (type 3, 4, 8, and 25 clinical isolates; only part of the data shown). These results showed that anti-pneumococcal DnaK antibody crossreacted with the same or closely related species, but not with relatively distant species, i.e., S. aureus, E. coli, and human. Interestingly, the DnaK analog in S. aureus did not show any crossreactivity with polyclonal antibody to pneumococcal DnaK although the deduced amino acid sequence of S. aureus dnaK was highly homologous with that of pneumococcal DnaK. These results coincide in part with previous results [6] ; four monoclonal antibodies to pneumococcal DnaK showed crossreactivity with cell lysates of 20 di¡erent pneumococcal strains and several Streptococcus species but not with those of E. coli, S. aureus, and B. subtilis. The crossreactivity of the DnaK analog in B. subtilis with polyclonal DnaK antibody but not with monoclonal DnaK antibody might be due to the presence of an epitope that was recognized by the polyclonal antibody but not by the monoclonal antibody. And the lack of crossreactivity of anti-pneumococcal DnaK antibody with the DnaK analog in S. aureus and human cells suggests that pneumococcal DnaK might be a good candidate as a vaccine.
Taken together, the cloning of dnaK gene from S. pneumoniae should provide very useful information for a variety of studies, i.e., the role of DnaK in either disease pathogenesis or its diagnostic and vaccination potential. Furthermore, the cloned dnaK gene can be used to resolve the cellular function of dnaK in translocation of protein as well as competence, which appears at a speci¢c cell concentration of 10 V ml 3I , as a kind of stress.
